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Abstract 

We calculate the production rates of the second Kaluza-Klein (KK) pho- 
ton 7^^-* and Z boson Z^^^ at the LHC including all significant processes in 
the minimal Universal Extra Dimension (MUED) model. For discrimination 
of the MUED model from other TeV scale models at the LHC, 7^^^^ and Z^^^ 
play a crucial role. In order to discuss the discrimination and calculate their 
production rates, we derive KK number violating operators including the con- 
tribution of the top Yukawa coupling. Using these operators, we accurately 
calculate branching ratios of second KK particles. In addition we find that 
these KK number violating operators provide new processes for 7(2) and Z^^) 
productions, such as cascade decay from second KK quarks produced through 
these operators. They have large contributions to their total production rates. 
In particular, these production processes give the dominant contribution for 
-^(2) production for 1/R> 800 GeV. As a result, with an integrated luminosity 
of 100 fb^^, the number of produced 7^^) and Z^^) are estimated as 10^ - 10^ 
for the compactification scale between 400 GeV and 2000 GeV. 
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1 Introduction 



Theoretical arguments in particle physics and cosmological observations conclude 
that the Standard Model (SM) is not the theory of everything but is rather the 
effective theory describing physics below (9(100) GeV. Many models beyond the SM 
have been proposed, and the Universal Extra Dimension (UED) models [1] are some 
of the attractive candidates for new physics at TeV scal^. In the UED models, 
all SM fields can propagate into compactified extra dimensions, and hence they are 
accompanied by the tower of Kaluza-Klein (KK) particles. They can give plausible 
explanations for the existence of dark matter [3J , the number of fermion generations 
[1], SM neutrino masses which are embedded in extended models |5j, and so on. 
Among various UED models, the simplest and the most popular one is called the 
Minimal UED (MUED) model. The MUED model is defined on the five dimensional 
space-time, where the extra dimension is compactified on an / Z2 orbifold. In the 
MUED model, only two parameters are newly introduced to the SM. One is the 
compactification scale of the extra dimension 1/-R, the inverse of the radius of 
circle, and the other is the cutoff scale of the MUED model A. In order to satisfy 
terrestrial experiments, 1/R must be larger than 400 GeV [U E] , while the calculation 
of the relic abundance of the lightest KK particle (LKP) suggests that the abundance 
of the dark matter is explained for 500 GeV < 1/-R < 1500 GeV [7]. As indicated 
from these results, the MUED model would be discovered and studied at the Large 
Hadron Colhder (LHC). 

The confirmation of the MUED model (in general, UED models) at collider ex- 
periments requires the discovery of KK particles. Though the LHC can produce KK 
particles, it is difficult to confirm that they are indeed the KK particles, because 
new particles predicted in various TeV scale models give quite similar signatures to 
each other. Therefore it is very important to understand how they can be identified 
as KK particles. In this article, we discuss the discrimination of the MUED model 
from other TeV scale models. 

In Ref. [8], an excellent idea to discriminate the MUED model from other TeV 
scale models has been proposed. The essence of the discrimination is the discovery 
of the second KK particles. The signals of the first KK particles are quite similar 
to those of new particles in other models. However, the discovery of the second KK 
particles strongly suggests the existence of the MUED model, since their masses are 
peculiarly almost equal to 2/i?, and the value of 1/R is expected by the masses of 
the "first KK" particles. In particular, the second KK photon 7*^^^ and Z boson 
play an important role for the search of the second KK particles. They are able to 
decay into two charged leptons. It is possible to reconstruct the masses of 7^^-' and 

^UED models are motivated by the TeV scale extra dimension theory [5]. 



Z^"^^ clearly from the charged dileptons emitted by them. Connecting their masses 
and those of the first KK particles, we can confirm the realization of the MUED 
model. 

Hence, 7^^-* and Z^'^^ are the key ingredients to discriminate the MUED model 
from other TeV scale models. We therefore calculate their production rates at the 
LHC To do this, first we derive the effective Lagrangian containing KK number 
violating operators, which are relevant to both the second KK particles productions 
and decay. Previously, these operators have been discussed in Ref. |T0] considering 
only gauge interactions. We improve the operators by including the contribution 
of Yukawa interactions. Through the KK number violation operators, 7*^^-* and Z^'^^ 
decay into dilepton. In addition to the decay, these operators allow single second 
KK particle production, which does not suffer from a severe kinematical suppression 
compared to pair productions. Next we study the production processes of 7*^^-' and 
Z^"^^ including both the KK number violating and conserving processes. At the 
LHC, 7*^^^ and Z^'^^ are produced mainly through the cascade decays of the second 
KK gluons g^'^^ and quarks q^'^\ Here the symbol q stands for both SU{2) doublet 
and singlet quarks. We also need to calculate their branching ratios into 7^^-' and 
Z^'^K Finally, we calculate the production rates of 7*'^-' and Z^"^^ from each process, 
and estimate the number of the dilepton signals from them. 

This article is organized as follows. In the next section, we briefly review the 
MUED model. Then we mention the difficulty that appears during the confirmation 
of the MUED model at the LHC, and discuss an idea to overcome the difficulty. In 
Sec. 3, we discuss the Lagrangian relevant to the productions of 7*^^^ and Z^'^\ and 
we calculate the branching ratios of colored second KK particles. In Sec. 4, we show 
some numerical results for 7^^^ and Z^"^^ productions, and discuss the significance to 
discover the particles at the LHC. Section 5 is devoted to summary. 

2 The MUED model and its discrimination from 
other models 

The MUED model is the simplest version of the UED models. In this model, fields 
with a fifth dimensional momentum n/R behave as new heavy particles with a tree- 
level mass ^/rn^sM + (n/R)'^ from the viewpoint of four dimensional field theory. 
These new particles are called KK particles, n is called the KK number [n = for 
SM particles, n = 1, 2, ... for KK particles), and msM represents the mass of the 
corresponding SM particle. 

The SM particles and their KK particles have identical gauge charges and spins. 
All interactions of the KK particles in the four dimensional space-time are determined 
by the Lagrangian in five dimensions. Since the UED models are not renormalizable. 



they should be considered as an effective theory defined at the scale A, where A is 
usually taken to be AR ~ 0(10) P E]. In this article, we take A to be AR = 2C§. 
Thus, in order to discuss the phenomenology of the MUED model, we need only two 
new parameters : 1/R and A. 

Although the masses of KK particles at tree-level are highly degenerate in each 
KK mode, the degeneracy is slightly relaxed by radiative corrections [TU]. The mass 
spectrum of the n-th KK particles with the radiative corrections (5m„ are given 
by rUn = \J{n/RY + m|^^ + Here, analytical expressions of the radiative 

corrections (5m„ are given in Ref. [10]. In general, due to the radiative corrections, 
colored KK particles are heavier than non-colored KK particles in each KK level. 
We have used couplings improved by the renormalization group (RG) equation to 
compute the radiative corrections to the masses of KK particles. The gauge couphngs 
at the one-loop level are given by 

= o.i\^z) - ^Hf'/^z] -J^eifi- n/R)^\n[fi/in/R)] . (1) 

n 

Here at = gf/^An), gi = {g', g2, gs) are the SM gauge coupling constants {i stands for 
each gauge group), is the renormarization scale, and 6 represents the step function. 
hi and hi are summarized in Table 1. 
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Table 1: Coefficients of RG improved gauge coupling constants. Each bi is the contribution 
from one KK level of KK particles. 

The mass spectrum of the first KK particles {n = 1) and the second KK particles 
{n = 2) for 1/R = 500 GeV are shown in Table 2. When we calculate the mass 
spectrum of n-th KK particles, we choose their mass scale, n/R, as renormalization 
scale. It is seen that each KK mode is degenerate with each other and the masses 
of the second KK particles are almost twice of the first KK particles. 

Since the translational invariance along the extra dimension direction is broken 
due to the orbifolding on an S^/Z2, the fifth dimensional momentum (KK number) 
is no longer conserved. Nevertheless, the subgroup of the translational invariance re- 
mains unbroken, which is called the KK parity. Under the parity, particles with even 

^Our results are almost independent of A, since it always appears with a loop suppression and 
gives only logarithmic corrections. 
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Table 2: Mass spectrum of KK particles for 1/R = 500 GeV and AR = 20. 



(odd) KK number have plus (minus) sign, and the product of the sign is conserved 
in each process. Because of the KK parity conservation, the lightest KK particle 
(LKP) is stable and provided as a candidate for dark matter. The situation is quite 
similar to the case of supersymmetric models with R-parity conservation, in which 
the Lightest Supersymmetric Particle (LSP) is stable. The relic abundance of the 
KK particle dark matter has been calculated in the MUED model [7], and it turns 
out that if the KK particle dark matter dominates the component of dark matter in 
the universe, 1/R should be in the range of 500 GeV-1500 GeV. The MUED model, 
therefore, would be explored at the LHC. 

The confirmation of the MUED model at the LHC is not so easy. Although it is 
necessary to discover the KK particles, it is very hard to distinguish the signals of 
these particles from those of other TeV scale models (for example, the MSSM, the 
little Higgs models, and so on), because these models also predict new heavy particles 
which give quite similar signals. For example, in a supersymmetric model, new parti- 
cles also have identical couplings to their corresponding SM particles and the masses 
of colored new particles are heavier than those of other new particles. Furthermore, 
there is a conserved discrete symmetry (R parity), which makes LSP stable. In both 
models, at the LHC, heavy colored new particles are produced first. Then they im- 



mediately decay into lighter new particles. Finally the lightest new particles leave 
detectors as missing energy. The spin difference may be used to discriminate the 
MUED model from other models [TTj . However, the spin determination, particularly 
when the masses of new particles are degenerate, is difficult at the LHC, and hence 
the discrimination of TeV scale models is also difficult. 

In order to discriminate the signals of the MUED model from those of other 
models, we focus on the existence of the KK tower. First of all, we need to speculate 
the value of 1/R. At the LHC, we can find the signals of first KK particles through 
the four lepton channel [12] . Through the observations of cascade decays of the first 
KK particles, we can speculate the value of 1/R. It is then possible to predict the 
masses of the second KK particles. The discovery of new particles with predicted 
masses strongly suggests that the MUED model is realized as new physics at the 
TeV scale. At tree level, the second KK particles decay into lighter KK particles 
through KK number conserving processes, and eventually LKPs are left. Since the 
LKP gives no signal at the detectors, it is very hard to measure the mass of its parent 
particle. Fortunately, the second KK gauge bosons directly couple with SM fermion 
pairs through KK number violating interactions. Consequently, 7*^^^ and Z^"^^ decay 
into two charged leptons with nonzero branching ratios, and the masses of 7*-^'* and 
can be clearly reconstructed from the dileptons [8]. The mass difference between 
7*^^-* and Z*^^-* is about 50 GeV for 1/R = 500 GeV, as shown in Table 1, and for 
this mass difference each resonance can be distinguished clearly by the observation 
of dielectron signals [8]. The double peak resonance also suggests the existence of 
the MUED model, because this is one of the typical signatures of this model. For 
the discussion of the feasibility to confirm the MUED model at the LHC, we need to 
know the event rate of the dilepton signals. We thus calculate the production rates 
of 7^^-' and Z^'^^ at the LHC in the following sections. 

3 Productions of 7^^^ and Z^'^^ 

In this section, we discuss the Lagrangian relevant to the productions of 7*^^^ and 
Z^'^'^ bosons. With the Lagrangian we calculate the branching ratios of (7'-^^ and q^'^\ 
which are necessary for the discussion of the indirect production of 7*-^'' and Z^'^\ 
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Table 3: /("\ ^j, t", and V^^ in the KK number conserving Lagrangian. B, W, and g 
are C/(l), S'C/(2), and ^[/(S) gauge bosons, g', g2, and gs are C/(l), S'C/(2), and SU{3) 
gauge coupling constants, and cr" and A" are Pauh matrices and Gell-Mann matrices, 
respectively. 



3.1 Lagrangian for 7*^^^ and Z^^^ productions 

First, we show the Lagrangian conserving the KK number relevant to gauge bosons. 
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where the summation over i, a, 6, and c is implicitly made. /^"\ g^j, i", and V^^ are 
hsted in Table 3. In the third part of the Lagrangian, ff^ is the structure constant 
of SU{3) for gluon and that of SU{2) for the W boson. As long as we use the KK 
number conserving Lagrangian, second KK particles are produced in pair due to the 
KK number conservation, and hence the production rates are suppressed due to their 
small phase spaces. 



Next we discuss the KK number violating interactions. The KK number violat- 
ing operators have been discussed in Ref. [10] taking into account only the gauge 
interactions. In addition, we include also contributions of Yukawa interactions. The 
effective Lagrangian for the KK number violating operators turns out to be 
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Here, yt is the top Yukawa coupling constant, Xi, rii, Ci{f), Ci{G), and are hsted 
in Table 4, and Ni{f) is listed in Table 5. Indices i, and j run over the SM gauge 
interactions U{1), SU{2), and SU{3), and summation over / is implicitly made. The 
renormalization scale is denoted by yU. Contribution 9Cj{f) comes from Figs. [T](a) 
-[11(c), contribution —(23/3)Cj{G)6ij comes from Figs. [T](d) -[D^f), and contribution 
{nj/3)Sij comes from Figs. [TJ^g) and[ll^h). Contribution Ni{f)ct comes from diagrams 
in Fig. H 
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Table 4: Coefficient in the KK number violating operator in the effective Lagrangian [Eq. 
dSl)]- g' , 92, and gs are U{1), SU{2), and SU{3) gauge coupling constants, and Yf is U{1) 
hypercharge. a" and A'* are Pauli and Gell-Mann matrices, respectively. 
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Table 5: Coefficient N{f) in the KK number violating operator in the effective Lagrangian 
[Eq. ([3])]. Qs is the third generation S'C/(2)-doublet quark, and T is the SU{2) singlet top 
quark. 



3.2 Production processes of 7^^^ and Z^^^ 

We are now in a position to discuss the production processes of 7*^^-' and Z^'^\ At 
the LHC, 7^^'' and Z^"^^ are produced through two type of processes : (1) direct 
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(g) (h) 

Figure 1: The KK number violating vertices for f^^^t'^^'^PL{R)f^^^yi^^^ induced from 
gauge interactions. The attached number represents the KK number of a KK particle in 
the loop. 




Figure 2: The KK number violating vertices for f^^^t"-^'^PL{R)f'^^''yi^^"' induced from 
Yukawa interactions. The attached number represents the KK number of a KK particle in 
the loop. 

productions and (2) indirect productions via the cascade decays of the second KK 
colored particles. The production cross sections of 7^^-* and Z*^^-* have originally 
been calculated in Ref. [S], and their calculation includes all of the KK number 
conserving processes and the direct one-body production processes of the second 
KK gauge bosons. In this article, we calculate the production cross sections of 7^^-' 
and Z^^) including all significant processes. For example, our calculation includes 
pp — > q^'^^q^^\ pp — ^ 'j^'^^q^^\ pp q^'^^q^^\ and so on. Importantly, these processes 
provide large contributions to 7*^^^ and Z^"^^ productions, particularly for large 1/R 
(> 800 GeV). We show the relevant processes to the 7^^^ production in Figs. 3-8. 

Figure 3 (Fig. 6) shows the direct production of 7*^^^ through KK number con- 
serving (violating) processes. Some of these processes also produce q^'^\ <f^\ and g^'^\ 
and they decay into 7'-^'' and Z^'^\ We must include those contributions in the cal- 
culation of the production cross section of 7'-^'' and Z^'^\ Figure 4 (Fig. 7) shows the 
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Figure 3: The production of 7*^^^ through KK number conserving processes. 
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Figure 4: The production of q^"^^ through KK number conserving processes. V stands for 
7, W^, Z, and g. 
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Figure 5: The production of g^'^^ through KK number conserving processes. 
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Figure 6: The direct production of 7*^^^ through KK number violating processes. The gray 
circle represents the KK number violating vertex. 
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Figure 7: The production of q^'^^ through KK number violating processes. V^"^^ stands for 
^(2)^ ^r±{2)^ Z{2)^ and 5(2). The gray circle represents the KK number violating vertex. 
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Figure 8: The production of 5^^^ through KK number violating processes. The gray circle 
represents the KK number violating vertex. 
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Figure 9: The branching ratio of D^'^\ 
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Figure 11: The branching ratio of Q^'^\ 



Figure 10: The branching ratio of U^'^\ 
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Figure 12: The branching ratio of g^'^\ 



production of g*^^-* and q^"^^ through KK number conserving (violating) processes, and 
Fig. 5 (Fig. 8) shows the production of g^"^^ through KK number conserving (violat- 
ing) processes. These colored particles decay into 7*^^-* and Z^'^\ Here the gray circle 
in Figs. 6-8 stands for the KK number violating vertex. In the s-channel processes 
in Fig. 7, the contributions from g^"^^ one-body direct production are included, while 
the contributions from 7*^^-' one-body direct production are not included. Hence, 7*-^'' 
one-body direct production is shown in Fig. 6, and g^'^^ one-body direct production 
is not shown in Fig. 8. Note that the 7*^^^ production from the Z*^^^ decay can be ne- 
glected, because the branching ratio Z^'^^ L^'^^L^^^ — > 'j^'^^ L^^^ L^'^^ is small enough. 
The processes of Z*-^-* production are almost the same as the 7*-^'' production, so we 
can skip the discussion of the Z^^^ production. In Figs. 6 and 8, processes which 
have the final state j^'^^'j^^^ 'y^'^^g^'^\ g^'^^l^^\ or g^'^^g^^^ are not shown, because in this 
calculation, 7*^°) and g^^^ in these processes are the origin of the infrared divergences 
for the one-body production processes of second KK gauge bosons. The divergences 
can be removed by the calculation with a complete treatment. 

In order to calculate the indirect production cross sections of 7*^^-' and Z^'^\ we 
calculate the branching ratio of g^"^^ and g*-^-*. We show the branching ratio of the 



SU{2) singlet KK down-type quark D^"^^ in Fig. [9l the branching ratio of the SU{2) 
singlet KK up-type quark t/^^-* in Fig. [TOl and the branching ratio of the SU{2) 
doublet KK quark Q^^) pjg ^ 

as a function of 1/R. Since U^"^^ and -D*-^-* are 
SU{2) singlet, they couple only with the U{1) hypercharge gauge boson. Please 
note that the Weinberg angle of the neutral KK gauge boson is almost equal to 
[TU] . and hence it is possible to identify the KK hypercharge gauge boson as the 
KK photon. Thus, as shown in Figs. [9] and [TOl D^^-* and f/^^-* decay into the KK 
photon, and D^"^^ and t/*-^-* can be dominant sources of 7^^-'. On the other hand, Q^^-* 
dominantly decays into Z'^'^\ and hence Q^^-* are dominant sources of 

Finally, we show the branching ratio of g^"^^ in Fig. [121 In this figure, generation 
indices are implicitly summed for each line, while jet represents the sum of first and 
second generation SM quarks. At the LHC, the production rates of the second KK 
colored particles are much larger than those of other second KK particles, and (7*^^^ 
and g*^^-* dominantly decay into a second KK particle and a SM particle, as shown 
in these figures. Hence, the indirect productions of 7^^^ and Z^^^ from their cascade 
decays are quite significant. Note that the branching ratios of each second KK 
particle calculated in this work are different from that in Ref. [8] due to two reasons. 
The one is the difference of the KK number violating operators. In particular, we 
include the KK number violating operators induced by the top Yukawa coupling. 
The other is the difference of mass spectrum of KK particles. By comparing our 
mass spectrum (Table 2) with theirs (Fig. 1 in Ref. pj), we find the difference in 
these mass spectra. The difference of the branching ratios from the previous work 
[S] mainly arises from the latter reason. In the next section, we will calculate the 
production rates of 7''^'* and Z*^^) using the results in this section. 

4 Numerical results 

In this section, we present numerical results of the cross sections for 7*^^^ and Z^'^^ 
productions and estimate the number of the dilepton signal from 7*^^^ and Z^^^ decays 
at the LHC. The calculations of the cross sections have been performed by using the 
calcHEP [13] implementing the Lagrangian Eq. ([3]) derived in the previous section. 

In Fig. [13] (Fig. [T^ . we show the production cross section of 7'-^'' (2'*^^^) as 
a function of 1/R. In the calculation, we have used the CTEQ6L code |14| as a 
parton distribution function (PDF). The red solid line shows the total cross section 
of 7''^'* {Z'^'^^) production. Note that although we show the results for only significant 
processes in these figures and discuss them, all processes shown in Figs. [3] - [H] are 
included in the calculation of the total cross section. As shown in these figures, for 
large 1/i? (> 800 GeV), the KK number violating processes dominantly contribute 
to the total production cross section. This means that the KK number violating 
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Figure 13: The production cross sections of 7^^\ The red solid line shows the total cross 
section, and other lines show the production cross sections of 7^^^ for each process as 
denoted in the legend. 
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Figure 14: The production cross sections of Z^'^^ . The red solid line shows the total cross 
section, and other lines show the production cross sections of Z^"^^ for each process as 
denoted in the legend. 



operators are important for the discrimination of the MUED model from other TeV 
scale models. 

We discuss the significance of each production process, (i) For large 1/R {1/R> 
800 GeV), one-body direct production processes are important, because even if 7*^^^ 
and Z^"^^ are too heavy to be produced in pair, these processes provide 7*^^-' and 
Z^"^^ efficiently, (ii) In addition to evading the suppression of small phase space, the 
processes pp — * g(o)\/(2)(g(o)\/(2)) have notable features. Since the PDF of proton 
is dominated by gluons and the valence quarks, i.e., up- and down-quarks, the rate 
of collision is larger than collision. Furthermore, the cross section of 

these processes has the large logarithm factor : 



a ~ log 



(5) 



Here rrigo is the mass of a SM quark, my2 is the mass of the second KK gauge boson, 
and s is the square of the initial state total energy. In usual cases, cross sections 
decrease according to the increasing of l/i? and s. However, this logarithm factor 
prevents the drastic decreasing. Thus, in all ranges of in these figures, indirect 
productions of 7*-^^ and Z^"^^ frompp q^^^ g^'^\q^^^ g'^'^^) and direct productions pp — * 
g(o)^(2) ^^(0)^(2)^ pp _^ qio) Z^'^^ (^q^^^ Z^"^^) provide a non- negligible contribution to 
their production cross sections, (iii) At the LHC, the final state q^'^^cf^^ (or q^'^^q^'^^) is 
mostly provided by the s-channel process mediated by the g^"^^ propagator. In other 
words, these include the contributions from g^"^^ one-body production and indirect 
productions through the cascade decay of g'^'^\ In this case, the pole resonance of 
g^'^^ leads the large enhancement of the cross section. Thus the processes pp 
qr(2)g(o) ^qi2)q{o)^ have large cross sections, even if 1/R is rather large, and provide 
large contributions to the indirect productions of 7'-^'' and Z^'^\ (iv) For small (< 
800 GeV), the cross sections of KK number conserving processes are larger than those 
of KK number violating processes, because the KK number conserving operators have 
no loop suppressions. However, for large 1/R {> 800 GeV), the contribution from 
KK number conserving processes decreases rapidly because of the severe kinematical 
suppression on the pair production of the second KK particles. 

Assuming an integrated luminosity of 100 fb~^, the number of produced 7*^^^ and 
are calculated as lO'' - 10^ for 400 GeV < 1/R < 2000 GeV. Once 7(2) and 
are produced, they decay into dileptons with nonzero branching ratios. In order 
to estimate the number of dilepton signals from 7*^^^ and Z^'^\ we calculate these 
branching ratios. Figure [15] (Fig. [T6l) shows the branching ratio of 7*-2-' {Z^'^^). In 
both figures, each line generation indices is implicitly summed. 7(2) is the lightest 
second KK particle, and the masses of the first KK fermions are always heavier 
than half of the 7*^^) mass. Then 7*^^) must decay into a SM fermion pair through 
KK number violating processes. On the other hand, Z*^^) j^^g many decay channels 
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Figure 15: The branching ratio of 7^^^ Figure 16: The branching ratio of Z^'^\ 
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400 GeV 


1.5 X 10^ 


9.4 X 10^ 


800 GeV 


2.9 X 10^ 


1.6 X 10^ 


1200 GeV 


2.1 X 10 


1.2 X 10 


1600 GeV 


2.6 


1.4 


2000 GeV 


4.4 X 10-1 


2.3 X 10-1 



Table 6: The number of the dilepton signals at the LHC with 100 fb ^. 



comparing with 7*^^^ Although the decay channels of 'j^'^^ and Z^'^^ are quite different 
with each other, coincidentally the branching ratio to dilepton is almost the same. 

In Table [6l we show the number of the dilepton signals assuming the luminosity 
100 fb^i. Table [6] shows that for 1/R < 1600 GeV it remains possible that we can 
discriminate the MUED model from other models by using the dilepton signals with 
100 fb"! integrated luminosity. If the MUED model is realized by the nature, in 
addition to the dilepton signals from the decay of 7*^^^ and Z^'^\ many new particles 
with degenerate mass spectrum around 1/R (i.e., the first KK particles) are discov- 
ered. Connecting the observational results of dilepton signals and the discovery of 
the first KK particles, it is possible to confirm the MUED model. In this work, we do 
not discuss the feasibility of the MUED model confirmation, which needs a complete 
analysis with Monte Carlo simulation. It is beyond the scope of this paper. This 
will be addressed in future work [15]. 



5 Summary 

At the LHC, the discrimination of the MUED model from other models is difficult, 
because the signals of new particles of TeV scale models are quite similar to each 



other. For the discrimination, we focused on a distinct feature of the MUED model, 
i.e., the existence of the KK tower. Once 7''^'* and Z^"^^ are produced, they can 
decay into dilepton which provides a very clear signal of the second KK particles. 
The discovery of the second KK particles strongly indicates the existence of the KK 
tower and consequently will lead to the confirmation of the MUED model. In order 
to estimate the number of the dilepton events from 7*^^-' and Z^'^\ we have calculated 
the production rates of j^"^^ and Z^"^^ at the LHC 

First we have calculated the KK number violating operators. They play a crucial 
role for the discrimination, because 7^^-' and Z^'^^ can decay into dilepton through 
these couplings. In the calculation, we have included the contribution of the top 
Yukawa coupling to improve the KK number violating operators. This have im- 
proved the branching ratio calculations of the second KK gauge bosons. Next we 
have shown all significant processes for 7*^^^ and Z*^^^ productions including both the 
KK number conserving and violating interactions. Then we have calculated the pro- 
duction cross sections of 7^^-' and Z^'^\ Finally we have found that O{10^) - O{10^) 
of 7^^) and Z^^^ production events are expected for 400 GeV < l/R < 2000 GeV 
with an integrated luminosity of 100 fb^^. We have also discussed the significance 
of various production processes and found that the KK number violating processes 
give leading contributions to the 7*^^^ and Z'^'^^ productions for l/R > 800 GeV. In 
particular, our original processes (for example, pp — > q'^'^^q^^\ pp g'-^-'g^^-', and so 
on) have provided large contributions to the 7*^^^ and Z^"^^ productions, and hence 
they have notable significance for the discrimination. 

As a result of the calculations, we have shown the expected production number of 
dileptons from the 7^^^ and Z^'^^ decays (TableEI). We have found that for < 1600 
GeV there is a chance to discriminate models by using the dilepton signals with 100 
fb~^ integrated luminosity. For the discrimination, it is crucial whether the dilepton 
signals can be observed or not. We need further study to discuss the feasibility of 
the discovery of the MUED model by estimating the background from the SM. 

In addition, as discussed in Ref. [16], when 1/i? is not so large, the bump-hunting 
for g^"^^ in the dijet invariant mass distribution might be one of the useful ideas for 
the complementary check of the discrimination by the dilepton signalj^l. However, 
since jet analysis is accompanied with SM QCD background, precise simulation is 
necessary for the bump- hunting for g^'^\ We leave those for future work [T5] . 

^ Note that the simulation resuh of the g^^-* invariant mass distribution of the dijet signal shown 
in Ref. [16] cannot apply for the MUED model, because the coefhcient of the KK number violating 
operator in their framework is different from the MUED model. 
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Appendix : Decay rates of second KK particles 

In this Appendix we show analytic expressions for decay rates of second KK parti- 
cles. The branching ratios of them (Fig. 9 - 12, 15, and 16) are obtained by using the 
following expressions. The decay rate of the second KK gauge boson V^'^^ is given 

by 
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Here mv2, ^f2, ^fi^ and mjo are the masses of V^'^\ the second KK fermion f'^'^\ the 
first KK fermion f^^\ and the SM fermion /(°). For l/^^) = ^(2)^ q^^^ ^ q^^^ ^ ^2_ 
For = ^(2)^ Q^^^ ^ Q^^^ ^ ^2/2. C'200, and C^qo are listed in Table H The 
coefficient a depends on the mixing between the mass eigenstate and the interaction 



eigenstate of the KK fermions. The mixing is negUgible except for the KK top quark, 
and hence a is as follows : 
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Here rrit stands for the SM top quark mass, and 777.7^(2) and rhti^) are given by 



mrp(2) 

mj(2) 



2 
R 
2 



+ 



2 





R 


167r2 


2 






167r2 



,/2 



+ 



, A2 2 
In^ + - 



R 



3 



2167r2 



In^ 



27 gl 



1 ^? 



/2 



167r2 16 167r2 16 167r2 



, A2 2 
//^ it 



3 



4167r2 



In- 



A2 



(10) 



The decay rate of the first and second generation second KK quarks are given by 
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Here 777^2, TUqi, and tti^q are the masses of q^'^\ q^-^\ and q^'^K K = g''^/72 for (q, V) = 
{Q, ^),K = gi/4 for (g, V) = (Q, W^), K = gl/8 for {q, V) ^ {Q, Z), K ^ 2g'y9 
for (g, V^) = (C/, 7), and K = g'^lS for (g, 1/) = (D, 7). 
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Table 7: Coefficients C200 and C200 iii Eq. ([8]). Here c', C2, c,, and q are given in Eq. 
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